INTRODUCTION
Traditionally, intracranial vascular pathologies have been evaluated with angiography, whether conventional digital subtraction angiography (DSA) or non-invasive (MR angiography, CT angiography) techniques. Angiographic techniques are limited by evaluation of the vessel lumen, making differentiation between cerebral vasculopathies difficult or impossible. 1 In recent years, high-resolution MR black-blood vessel wall imaging (VWI) techniques have been developed to subtract the signal of flowing blood in the vessel lumen. This allows direct visualization of the vessel wall enabling differentiation between various intracranial vasculopathies. 1 2 VWI has been extensively used for evaluation and characterization of extracranial carotid atherosclerosis, shedding light on vulnerable plaque characteristics that can be used for risk stratification beyond the traditional evaluation using luminal imaging. Intracranial VWI (IVWI) has also shown early promise in detecting plaque characteristics associated with culprit features.
LIMITATIONS OF LUMINAL DATA
Luminal imaging has been the imaging standard for characterization and diagnosis of intracranial vasculopathies. However, luminal imaging findings of arterial stenoses are often non-specific for disease etiology. A number of vasculopathies can present with similar luminal patterns, such as vasculitis, reversible cerebral vasoconstriction syndrome (RCVS), intracranial atherosclerotic disease (ICAD), vasospasm, infection, and radiation-related vasculopathy. 3 4 The sensitivity of DSA for primary central nervous system (CNS) angiitis is limited, primarily owing to its inability to detect small vessel vasculitides, thus limiting its reliability even in negative cases. [4] [5] [6] It is even found that when DSA discloses findings classic for angiitis, an alternative diagnosis to vasculitis is often made at biopsy. 7 Another drawback of luminal imaging is its limited ability to detect abnormalities in patients with non-stenotic disease. For example, ICAD can result in positive remodeling and may not result in luminal stenosis until advanced stages of disease. [8] [9] [10] Occasionally, a signal from intraplaque hemorrhage (IPH) can blend imperceptibly with a lumen signal, thereby masking a stenotic lesion on time-of-flight MR angiography.
IVWI can serve as a complementary tool to luminal imaging techniques in disease detection and differentiation. This technique can improve diagnostic specificity based on its ability to characterize vessel wall changes. It can also potentially detect non-stenotic or small vessel disease that cannot be well visualized on luminal imaging. 11 Campi et al 11 indicated that five of six patients with biopsy-proven primary CNS angiitis who were evaluated with post-contrast MRI showed perivascular enhancement along the Virchow-Robin spaces within the basal ganglia, representing lenticulostriate involvement.
TECHNICAL ASPECTS OF VWI
IVWI is challenging owing to the small caliber and tortuous course of the intracranial arteries. For example, the middle cerebral artery diameter can range from 3 to 5 mm, with a vessel wall thickness of 0.5-0.7 mm. 12 It is important to be able to depict the normal vessel wall in order to differentiate it from pathology, so the highest resolution is necessary, preferably at 3T. Although most published studies have used two-dimensional (2D) black-blood techniques, application of 3D IVWI techniques has increased recently. 3D acquisitions enable improved through-plane resolution, with increased brain coverage, and isotropic scans that can be reformatted in multiple planes, allowing for better inspection of the intracranial arteries. 3D variable refocusing flip angle (VRFA) sequences (VISTA, Philips Healthcare, Best, the Netherlands; SPACE, Siemens Healthcare, Erlangen, Germany; CUBE, GE Healthcare, Milwaukee, Wisconsin, USA) have been the most extensively used and studied 3D techniques to date. VRFA have been used with T1 and proton density (PD) weightings, both before and after contrast administration.
When 2D techniques are used, multiplanar imaging is beneficial for optimal wall/lesion assessment, using axial imaging and imaging in a plane perpendicular to the axis of the interrogated artery to better evaluate lesion morphology and effects on the lumen, and avoid volume averaging effects. Vessel obliquity, slice thickness, and in-plane resolution are all factors that will affect vessel wall measurements and the sharpness of the vessel wall borders. The parameters used at our institution for IVWI are listed in table 1.
Multi-contrast imaging can be performed to evaluate differential signal wall characteristics.
13 T1 pre-and post-contrast, PDand T2-weighted sequences have all been used. This enables evaluation of multi-contrast lesion heterogeneity that can be advantageous for vasculopathy differentiation and evaluation of ICAD plaque composition. 13 14 The ability to assess wall disease in peripheral branches depends on the resolution of the technique used and on the quality of cerebrospinal fluid (CSF) suppression. 2 15 In our experience, with 3D IVWI techniques with resolution of 0.4-0.5 mm 3 voxel size, third-order branches can be assessed accurately, whereas arteries out to second-order branches can be assessed with 2D IVWI techniques.
For intracranial VWI, it is important to consider blood suppression techniques to avoid artifacts that might be confused with vessel wall abnormalities, and CSF suppression techniques for better outer wall boundary evaluation. For 2D VWI a number of blood suppression techniques can be employed. Double inversion recovery techniques can be used for blood flow suppression, 2 although a limitation of this technique is prolongation of scan time, the potential need for cardiac gating, and a need for accurate estimation of the time to inversion of blood after contrast administration. Quadruple inversion recovery techniques can be used, which negate the need to estimate the inversion time of blood or use of cardiac gating. 16 Double and quadruple inversion recovery techniques, however, are not frequently employed for intracranial VWI owing to their time requirements. Spin-echo techniques will also generate dark blood; however, a major limitation is that with slow flow or in-plane flow, blood suppression will be lost. 3D VRFA techniques achieve dark blood imaging from gradient moment-induced intravoxel dephasing and stimulated echo-induced intravoxel dephasing.
2 Additional blood suppression techniques can be employed with 3D imaging. One such technique is motion-sensitized driven equilibrium (MSDE), which uses flow-sensitive dephasing gradients to suppress flow
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; however, this technique results in T2 signal decay and loss of signal. The delay alternating with nutation for tailored excitation (DANTE) pulse train is a series of low flip angle nonselective pulses interleaved with gradient pulses with short repetition times that can result in both optimized blood and CSF suppression, without any effects on tissue contrast. 15 This allows for improved vessel wall assessment with PD-weighted 3D VRFA techniques while also minimizing artifacts from turbulent or slow flow.
MR VESSEL WALL IMAGING: HISTORICAL PERSPECTIVE
The first studies to evaluate the vessel wall using MRI were performed on surgically excised iliac artery atherosclerotic lesions. These studies provided correlation between plaque composition and MR signal characteristics. 18 19 Subsequently, changes in vessel wall thickness in thoracic aortic pathology were studied using VWI. 20 In 1990, Edelman et al 21 compared the ability of bright and black-blood imaging techniques in carotid atherosclerotic disease and found that black-blood techniques were advantageous owing to more accurate estimation of luminal stenosis.
Since then, multiple studies have further characterized plaque components and their MR appearances, enabling atherosclerosis evaluation beyond luminal stenosis. With the introduction of the 'vulnerable plaque' model in 2003 by Naghavi et al, 22 23 in which certain plaque characteristics can increase the likelihood of patient symptoms secondary to thrombus formation and embolization, carotid VWI with a focus on plaque characterization became an intense area of investigation.
In addition to the traditional luminal stenosis evaluation, plaque composition-specifically, the presence and status of the fibrous cap, IPH, presence and volume of lipid-rich necrotic core (LRNC), plaque neovascularity, ulceration, and fissuring, have been found to be markers of current and future cerebrovascular events. [24] [25] [26] VWI has proved to be a valuable technique in the detection and follow-up also of early large artery vasculitides. 27 
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INTRACRANIAL VWI
In 1995, the first study was performed assessing the intracranial vessel walls on MRI. The investigators examined the degree of intracranial carotid and vertebral arterial wall enhancement and its correlation with patient age. They found that with increased age, there was an associated significant increase in the presence and degree of wall enhancement, which was thought to correlate with ICAD. 29 Thirteen years later, Küker et al, 30 re-examined this technique and found that high-resolution T1 post-contrast IVWI detected wall enhancement and thickening associated with intracranial stenosis in cerebral vasculitis. The IVWI technique has increasingly been used to further characterize a range of intracranial vasculopathies, including cerebral vasculitis, ICAD, RCVS, aneurysms, arterial dissections, and moyamoya disease (MMD) and syndrome (MMS).
INTRACRANIAL VASCULOPATHIES AMENABLE TO INVESTIGATION WITH VWI Intracranial atherosclerotic disease
ICAD causes significant morbidity and mortality, accounting for up to 50% of ischemic strokes in certain populations. 31 Whereas previous approaches to ICAD assessment considered the degree of plaque-related stenosis, IVWI directly evaluates plaque characteristics, starting with the degree and pattern of wall thickening at the site of disease. 32 Luminal imaging often underestimates the burden of ICAD and does not reliably detect non-stenotic lesions that can be symptomatic. 8 9 33 IVWI studies have suggested that plaques with positive remodeling (outer wall remodeling) are more frequently symptomatic than negative remodeling plaques. 32 34 Plaque signal characteristic evaluation is helpful in assessing plaque composition. 14 34 The T2 hyperintense fibrous cap overlies the LRNC, which is isointense on T1-weighted imaging and hypointense on fat-saturated T2-weighted imaging. 34 35 Increased volume of the LRNC has been associated with higher rates of rupture. 34 IPH has proved to be an important risk factor for plaque vulnerability, with increased rates of plaque complications and stroke.
14 IPH will appear as intraplaque T1 hyperintensity >150% of the signal intensity of internal reference muscle tissue.
14 Additionally, ischemic infarcts are associated with upstream eccentric enhancing plaques within the first 4 weeks after the stroke, and over time, the degree of enhancement progressively diminishes. 36 In patients with multifocal disease, culprit lesions enhance ( figure 1A-D) , and they do so more avidly than non-culprit lesions, which enhance inconsistently. 37 The typical appearance of ICAD on IVWI is an eccentric, heterogeneous mild to moderate enhancing, outward remodeling lesion with heterogeneous T2 signal and juxtaluminal T2 hyperintensity that typically involves proximal intracranial branches or bifurcation points, which is distinctive in appearance from other vasculopathies described below. 13 The radial location of plaques along the middle cerebral artery has been shown to be important for predicting symptoms and stroke type. For example, plaques along the superior wall of the middle cerebral artery have been associated with deep infarcts, presumably owing to ostial stenosis/occlusion at the origins of lenticulostriate perforators. 9 38 IVWI is changing our understanding of the natural history of ICAD. As for cervical atherosclerotic disease, treatment algorithms for ICAD have been based on the degree of stenosis, with 70% stenosis being a cut-off point for endovascular treatment of refractory ICAD lesions following the Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) trial. 39 However, current IVWI techniques show that significant ICAD may not be associated with luminal stenosis. Initial vessel wall remodeling can maintain the lumen while the wall itself dramatically thickens, and such findings are associated with higher rates of atherosclerotic plaque rupture. 32 34 40 41 With intracranial stenosis, some symptoms may result from hypoperfusion rather than thromboembolic phenomena, a corollary of late-stage constrictive remodeling in coronary atherosclerosis that causes stable angina rather than acute coronary syndrome. 34 41 42 Prior investigations of ICAD therapies might not have been adequately targeting high-risk lesions most likely to cause future neurologic events. IVWI may provide a better imaging marker for selection of ICAD lesions in future trials.
Moyamoya disease/syndrome
MMD is an idiopathic disease causing progressive narrowing of the bilateral carotid termini, leading to development of compensatory collateral branches at the base of the brain. 43 In MMS there is unilateral or bilateral supraclinoid internal carotid artery stenosis from one of several disease states, including ICAD, vasculitis, radiation therapy, neurofibromatosis type 1, or other processes. 43 Distinguishing between these two processes is important because MMD typically requires treatment with external carotid to middle cerebral artery bypass, whereas some of the underlying processes causing MMS are potentially reversible. 43 Angiography does not reliably distinguish between MMD and MMS as both may have a similar luminal imaging appearance. Some reports have shown concentric vessel wall thickening and enhancement of the distal internal carotid arteries in MMD, whereas others have indicated a lack of wall enhancement ( figure 1E-H) . 1 44 45 The considerable genotypic heterogeneity found in MMD, and the variable phenotypic presentation of IVWI may represent varying pathophysiologic mechanisms of disease development. 46 47 The difference in appearance might also be secondary to a transient inflammatory step, with corresponding enhancement in the longitudinal progression of MMD. 48 In our experience, MMD shows minimal to no circumferential enhancement without outward remodeling. MMS caused by ICAD will show the findings described above, most notably with eccentric plaques often showing positive remodeling and enhancement, clearly discernible from MMD. 1 
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CNS vasculitis
IVWI may provide another useful tool for differentiating intracranial vasculopathies that look similar on DSA, including vasculitis, RCVS, ICAD, vasospasm, infection, and radiation-related vasculopathy. 3 4 The classic appearance of angiitis on DSA has a specificity as low as 30%. 4 The sensitivity of catheter angiography for CNS vasculitis ranges from 27% to 90%. 5 6 The limitation in sensitivity is primarily related to the difficulty of DSA in the detection of subtle changes or very distal small vessel involvement. Biopsy of cerebral vasculitis is associated with more risks than peripheral vessel biopsy, and its sensitivity for the diagnosis of CNS vasculitis may be <50%. 49 Vasculitic enhancement on post-contrast MRI can extend beyond the vessel wall into the periadventitia, increasing the conspicuity of the affected segments and potentially enabling detection of microvascular involvement that is otherwise angiographically occult. 5 IVWI directly visualizes vessel wall inflammation and edema, showing thickening and multifocal homogeneous, smooth, intense, concentric enhancement of the vessel wall (figure 2).
1 30 50-52 IVWI can also help to track treatment response ( figure 2A-F) . This pattern is in contradistinction to that seen in ICAD, in which there is eccentric, expansive wall involvement and inconsistent and heterogeneous enhancement. 1 34 37 With advances in IVWI, findings diagnostic for vasculitis may limit the need for biopsy, and in cases where biopsy is required, localization of active disease on IVWI can guide surgeons to increase diagnostic yield. 30 
Reversible cerebral vasoconstriction syndrome
Patients with RCVS present with sudden, severe headaches, at times with concomitant neurological deficits. 53 Possible complications of RCVS include infarction, subarachnoid hemorrhage, parenchymal edema, or intraparenchymal hemorrhage. IVWI studies show minimal smooth thickening of the vessel wall that is concentric with minimal to no enhancement ( figure 2G-J) . 50 51 This is consistent with its pathophysiological process, specifically non-inflammatory vasospasm. There is near uniform resolution of luminal narrowing within 3 months of symptom onset ( figure 2J) . 51 53 This is in contradistinction to cerebral vasculitis, which shows multifocal circumferential enhancement associated with the regions of stenosis with persistence of luminal narrowing on follow-up luminal imaging. 50 
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Intracranial arterial dissection
Intracranial dissections, although relatively rare, are an important cause of ischemic stroke and subarachnoid hemorrhage, especially in younger patients. 54 The etiology is unknown in most cases, but inflammatory vessel wall changes may also play a role in some cases. When blood collects between the media and internal elastic lamina via an intimal tear, this is termed a subintimal dissection; a subadventitial dissection occurs when the hematoma extends through the media. 54 Subintimal dissections often lead to hypoperfusion or ostial occlusion and thromboemboli, resulting in ischemic symptoms. 55 Intracranial subadventitial dissections frequently will result in subarachnoid hemorrhage and can often maintain luminal contours, making them difficult to detect on luminal imaging. Subadventitial dissections can also result in pseudoaneurysm or giant partially thrombosed aneurysm formation.
54 T1-weighted imaging with fat saturation can demonstrate thrombus within the false lumen of a dissection, but IVWI techniques with improved resolution and improved blood signal suppression can improve characterization and detection. 56 57 Additionally, dissections can be further evaluated with post-contrast imaging that may show eccentric dissection flap enhancement. 58 
Cerebral aneurysms
Cerebral aneurysms can be evaluated by IVWI, which is adding to our understanding of the factors that cause their growth. Vasa vasorum is not normally present in the cerebral vasculature until the development of pathology such as ICAD or aneurysms. 58 The vasa vasorum may leak and cause hemorrhage into the wall of an aneurysm, inciting an inflammatory cascade that includes the release of growth factors, aneurysmal enlargement, and wall thinning, which may lead to rupture. IVWI can identify vasa vasorum, the aneurysm wall, and mural hematoma. 58 59 IVWI can also more accurately measure wall thickness while mitigating the overestimation commonly seen with older techniques. 60 In multiple aneurysms with acute subarachnoid hemorrhage, aneurysm wall enhancement helps to identify the culprit lesion. 61 IVWI may help to identify an angiographically occult aneurysm as the source of hemorrhage.
62 Figure 3 shows an example of IVWI used in a ruptured intracranial aneurysm. Early demonstrations of the feasibility of IVWI for aneurysms may now lead to further investigation to identify which characteristics are predictive of aneurysm rupture, providing neurointerventionalists/neurosurgeons with more information to determine when and what type of treatment is appropriate. 58 
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SUMMARY
IVWI is an emerging technique that can complement traditional luminal imaging techniques for the evaluation of intracranial vasculopathies. It has the potential for disease differentiation and lesion characterization that may indicate present or future complications and for longitudinal disease evaluation to determine treatment response. Most studies that have been performed to date are cross-sectional. Prospective longitudinal IVWI investigation of individual disease processes would help to better describe imaging findings at different stages of disease and illuminate underlying pathophysiologic processes, enabling improved understanding of vasculopathy evolution and its contribution to patient outcomes.
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